We demonstrate highly efficient Raman gain based distributed-feedback fibrelasers at ~1.11µm with up to 2W CW output-power with <0.01nm linewidth. The lasers are 30cm long and UV-written directly into two types of passive germanosilicate fibres.
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Experimental setup and results
The schematic diagram of the experimental setup used to generate and analyse the R-DFB fibre laser oscillation is shown in Fig. 1(a) . A CW, 1068nm, Yb-doped all-fibre MOPA with a maximum output power of 15W is used as the Raman pump source. The output of the source is spliced to a 1064nm/1117nm wavelength division multiplexer (WDM1) which in turn is spliced to the π phase-shifted DFB grating. The forward output of the DFB grating is spliced to two cascaded 1064nm/1117nm WDMs (WDM2 and WDM3) to better isolate the forward DFB fibre signal from any residual pump power. The total output power and the spectra of the R-DFB fibre lasers are measured from port1 (for backward operation) and port2 (for forward operation). All fibre ends are angle-cleaved to prevent end-feedback, and all components (WDMs and DFB gratings) are mounted on heat sinks to help control the temperature and better remove any generated heat. Two types of commercially available Ge/Si fibres, being the PS980 fibre from Fibercore Ltd. and the UHNA4 fibre from Nufern, are selected because of their single transverse-mode properties in the region of the projected Raman oscillation with the 1068nm pump source. Table 1 lists the key parameters of the fibres including the NA, the mode field diameter (MFD) at 1100nm and the unpolarised peak Raman gain coefficients which are estimated by considering the concentration of Germanium doping only [10] . It is worth noting that the PS980 fibre in fact is a Boron co-doped Ge/Si fibre and that the Raman gain coefficient therefore likely is slightly higher than that of a Germanium-only doped fibre of similar NA.
The DFB gratings are 30cm long with centre π phase-shifts to help facilitate the lowest possible lasing threshold. They are written directly into the fibres without the aid of hydrogen loading with 244nm CW UVlight using the continuous grating writing technique [11] . The passive cold cavity phase-shifted grating transmission spectra in the two fibres are shown in Fig. 1 (b) and Fig. 1(c) . From uniform test-gratings written prior to the phase-shifted DFB gratings, the coupling coefficients, ț, of the gratings are nearly identical with a value of 37m -1 . Due to the low refractive index modulation in the gratings (~10 -5 ) and the absence of photosensitising loading gas, the grating inscription-induced loss in the two fibres is minimal. The total propagation loss is therefore not much higher than the linear loss of the pristine fibres, which is ~20dB/km for PS980 and ~5dB/km for UHNA4 at ~1µm. Fig. 1(d) and Fig. 1(e) shows the forward DFB output spectra just below, and just above, the lasing threshold for the two fibres. As is clearly evident the lasing occurs exactly at the Bragg wavelength of the phase shifted grating as expected from a π phase-shifted grating structure. The threshold power for lasing is ~1W and ~2W for the high-NA ( Fig. 1(d) ) and standard-NA ( Fig. 1(e) ) fibres, respectively. Evidently, the lower lasing threshold is observed in R-DFB1 because of the higher Raman gain coefficient of the high-NA fibre. This indicates that even lower lasing threshold power should be possible by employing higher Raman gain coefficient nonlinear fibres such as for example tellurite glass based non-silica fibre [12] . Both lasers exhibit more than 55dB SNR soon after the lasing action takes place, and their 3dB linewidths are measured to be less than 0.01nm with a high resolution OSA (Advantest Q8384). More accurate linewidth measurements can be carried out by using for example delayed self-heterodyne or self-homodyne methods as also demonstrated in [9] . The evolution of the total R-DFB output powers with respect to the incident (launched) pump powers and converted pump powers is shown in Fig. 2(a) and Fig. 2(b) , respectively. The maximum output power obtained is ~2W for an incident pump power of 13.7W for R-DFB1, and ~1.5W for an incident pump power of 15W for R-DFB2. The uncertainty in the measured output power is estimated to be ±5%, due to the use of a thermal power metre. For both R-DFB lasers, the output power grows slowly for low incident pump powers, but gradually increases as the pump power is increased (as seen in Fig. 2(a) ). Although not a particularly good measure of the efficiency due to the nonlinear nature of the output power-growth with pump power, the output powers are seen to increase with slope efficiencies above 13% in both lasers for pump powers of ~3W above threshold. This trend is slightly lower than predicted by simulations but could in part be explained by the presence of minor phase and amplitude errors in the gratings [8] . A better picture of the efficiencies is achieved by viewing the slope efficiency of the output power against converted pump power. The converted pump-power is measured by comparing the incident pump power with the remained pump power at the output of the DFB gratings as shown in Fig. 1(a) . As seen from Fig. 2(b) , the slope efficiencies are found to be ~92% for R-DFB1 and ~74% for R-DFB2. The reason for the lower slope-efficiency from R-DFB2 might be due to the slightly higher propagation loss in this fibre. However, the 92% in R-DFB1 is close to the theoretical maximum quantum conversion efficiency, which is in good agreement with numerical simulations. Fig. 2(c) and Fig. 2(d) illustrate the forward and backward output spectra at the maximum output power for R-DFB1 and R-DFB2, respectively. The spectra demonstrate that the high SNR and narrow-bandwidth properties are maintained even at the maximum output power level. A slight bandwidth broadening is observed when comparing the forward output spectra with those of the backward spectra, and in the case of the high-NA fibre the SNR is also observed to be slightly reduced although remains above 55dB. The reason for the slight broadening and reduction of SNR is believed to be due to co-propagating non-linear interplay between the forward signal and the residual pump power [13] . We hope to report further and give more detailed analysis on these observations in future publications. 
Results and Discussions

Conclusion and Future work
To conclude, we have experimentally demonstrated highly efficient Raman DFB fibre laser oscillation at ~1.11μm from 30cm centre phase-shifted Bragg gratings written in two types of passive Ge/Si fibres. The lasers are pumped with up to 15W of CW power at ~1.07μm to give narrow linewidth CW signal output powers in excess of 1.5W in each case. The incident threshold pump power is as low as ~1W in a fibre with an NA of 0.35, and only ~2W for a fibre with a standard NA of ~0.12. Our simulations indicate that even shorter cavity Raman DFB fibre lasers with sub-watt lasing threshold should be possible by employing high-index nonlinear fibres such as for example tellurite or chalcogenide glass based non-silica fibres as the host for the DFB gratings. We hope to report on the results of Raman DFB lasers in these types of fibres in future publications.
